Broad-range polymerase chain reaction (PCR) is increasingly used in patients with culture-negative infections; however, few studies have assessed the diagnostic utility of this test in this context. We performed a retrospective cohort study of patients who had clinical specimens sent for broad-range PCR, aiming to evaluate performance and determine impact on patient management. Organisms were identified in 21/71 samples. High numbers of polymorphonuclear leukocytes on Gram stain (odds ratio [OR], 4.17; P = .04) and acute inflammation on histopathology (OR, 5.69; P = .02) were significantly associated with a positive result. Management was altered in 18 patients, 11 with positive and 7 with negative results. Overall, broad-range PCR assay had the highest impact in patients with microscopic evidence of inflammation. Physicians ordering this complex, difficult to interpret, and expensive test should carefully consider all available clinical information on an individualized basis to optimize its performance.
The accurate identification of a specific microbial pathogen is crucial in many infectious disease syndromes as it facilitates a clear diagnosis, allows for targeted therapy, and increases the likelihood of a favorable outcome [1, 2] However, using culture-based diagnostic methods, organisms cannot always be isolated, either due to their fastidious nature or the use of empiric antimicrobials before specimen collection [3] [4] [5] [6] . Molecular diagnostics based on nucleic acid target amplification and sequencing technology (also known as "broad-range" polymerase chain reaction [PCR] ) are increasingly used for investigation of culture-negative infections. These tests are able to accurately identify microorganisms based on specific regions such as 16S rRNA (for identification of bacteria), rpoB (for mycobacteria), or the internal transcribed spacer region (fungi) and have been used in clinical microbiology for more than 2 decades [7] . These techniques were initially applied to microbial isolates that could not be definitively identified by phenotypic means, and they perform well in this scenario [8] . More recently, they have been increasingly used directly on clinical tissue/fluid samples aiming to identify fastidious organisms that are difficult to culture, or in patients who have been exposed to antimicrobials before specimen collection. In this situation, sensitivity may be lower and methodology more complex due to the tissue extraction process required, potential inhibitors present, and increased likelihood of contamination leading to false-positive results [9] . In 1 large study using 16S rRNA PCR, Rampini et al. demonstrated 91% concordance with bacterial cultures in 394 culture-positive samples and were able to identify 24 bacteria among 184 culture-negative samples [10] . 16S rRNA PCR is also increasingly being used as part of the diagnostic evaluation of prosthetic joint infection [11] [12] [13] and culture-negative endocarditis [11, [14] [15] [16] .
Given the high cost, technical complexity, and time required to perform these tests, attempts have been made in many institutions to try and target their use toward patients most likely to benefit, aiming to optimize test performance and cost-effectiveness. This has included considering factors such as clinical features, serum inflammatory markers, and evidence of infection on microbiologic or histopathologic stains and culture results. Several studies have explored the relationships between these variables and bacteriologic culture results [17] [18] [19] . One small study identified a positive association between serum C-reactive protein (CRP) and tissue neutrophil count and level of bacterial DNA measured by cycle threshold [20] , but in general the relationships between clinical features and broad-range PCR results are not well studied.
In most prior studies, broad-range PCR has been directly compared with culture-based diagnostic methods, despite the fact that increasingly in modern clinical practice it is being used when cultures are negative [12, [21] [22] [23] [24] [25] . Additionally, few studies have examined the overall clinical utility and impact of this test on patient management [21, [26] [27] [28] . The aim of this retrospective cohort study was to assess the real-world clinical performance of broad-range PCR at our institution using a "composite clinical gold standard" and determine its impact on antimicrobial decision-making. We also evaluated clinical factors such as pathological findings and presence of polymorphonuclear leukocytes associated with a positive PCR result to guide selection of specimens appropriate for PCR testing.
METHODS

Study Design and Data Collection
The study population consisted of patients at Tufts Medical Center, a 415-bed academic medical center in Boston, Massachusetts, whose tissue and fluid samples were sent for broad-range PCR testing from August 2013 to April 2016, excluding those lost to follow-up (defined as lack of inpatient/outpatient documentation in medical records after the broad-range PCR was performed). The study was approved by the Tufts Medical Center institutional review board; informed consent was not required given the minimal risk and retrospective nature of the study.
Clinical data were collected from medical records. All cases were reviewed by a panel of 3 infectious diseases physicians blinded to PCR results but provided with all other relevant clinical information. The panel determined the presence or absence of infection by using a final gold standard of "composite clinical diagnosis" based on all available data, including medical history, clinical signs and symptoms, operative findings, laboratory testing results including inflammatory markers (C-reactive protein and erythrocyte sedimentation rate), Gram stain results, histopathologic findings, microbiologic, serologic, and radiologic data, and prior antibiotic therapy. Final classification in cases of disagreement was by majority opinion.
Specimen Collection and Laboratory Methods
The majority of samples were collected under sterile conditions in the operating room or interventional radiology suite, divided at the point of collection, and then sent separately for histopathology and microbiology testing. Occasionally, undivided samples were sent, and these were processed first in the microbiology laboratory then sent to histopathology to avoid contamination.
Gram stains (including quantification of bacteria and blood cells) and cultures of tissue specimens were performed in the clinical microbiology laboratory at Tufts Medical Center according to CLSI standards [29] . Tissue specimens were examined for the presence of polymorphonuclear leukocytes (PMNs) and reported in a semiquantitative fashion on a scale of 0-4, corresponding to <1, 1, 2-10, 11-25, and >25 cells per low power field, respectively. For the purposes of analysis, specimens were considered to have a "high" number of leucocytes if they had ≥11 cells per low power field, or ≥3 on this scale. This definition was adapted from prior published studies of prosthetic joint infection and modified to suit our patient population and local diagnostic testing criteria [29] [30] [31] [32] [33] . The presence of organisms was recorded based on the number per high power field on a similar scale. Samples were also typically submitted for bacterial, mycobacterial, and fungal cultures. Pathological examination of tissue specimens was performed in the Pathology Laboratory at Tufts Medical Center, and samples were considered to have evidence of infection if there was infiltration with neutrophils, macrophages, or other inflammatory cells, or caseating granulomatous inflammation was seen [34] .
PCR testing was performed at the University of Washington Molecular Diagnostic Laboratory, with samples sent for bacterial, fungal, and/or mycobacterial testing using methods previously described [12, 22, [35] [36] [37] [38] [39] [40] . Broad-range bacterial PCR targeted the 16S rRNA (forward primer 27F sequence, 5'-AGAGTTTGATCCTGGCTCAG-3'; reverse primer 357-mL sequence, 5'-CTGCTGCCICCCGTAGGAG-3') [35] . Mycobacterial PCR utilized 3 targets including hsp65 (TB11, 5'-ACCAACGATGGTGTGTCCAT-3'; TB12, 5'-CTTGTCGAACCGCATACCCT-3') [41] , rpoB (MF, 5′-CGACCACTTCGGCAACCG-3′; MR, 5′-TCGATCGGGC ACATCCGG-3′) [42] , and 16S (as for bacteria). Fungal PCR also used 3 targets: 28S (NL1, 5′-GCATATCAA TAA GCGGAGGAAAAG-3′; NL4, 5′-GGTCCGTGTTT CAAGACGG-3′), ITS1 (ITS1, 5′-TCCGTAGGTGAACCTGC GG-3′; ITS2, 5′-GCATCGATGAAGAACGCAGC-3′), and ITS2 (ITS3, 5′-GCATCGATGAAGAACGCAGC-3′; ITS4, 5′-GCATATCAATAAGCGGAGGA-3′) [43] . The decision regarding which PCRs to send (bacterial, fungal, and/or mycobacterial) and the timing was determined by the individual clinicians managing each case.
Clinical Diagnosis of Infection, Diagnostic Accuracy, and Outcome Ascertainment
As no uniform criteria have been established for the diagnosis of infection, clinical infection was considered based on the following criteria: (1) presence of clinical manifestations that reflect host damage in the setting of microbial infection such as fever and/or systemic symptoms and/or localizing symptoms of infections and (2) laboratory or radiographic parameters indicative of host damage such as leukocytosis, elevated inflammatory markers, and microbiological, histological, and/or radiological evidence of infection [44] . The presence or absence of infection was defined using a gold standard composite clinical diagnosis based on the assessment of 3 independent infectious diseases physicians, as described above. Following this review, clinical classifications were aligned with PCR results to designate patients as true positive (PCR positive with clinical evidence of infection), false positive (PCR positive without clinical evidence of infection), true negative (PCR negative without clinical infection), or false negative (PCR negative with clinical infection). Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated.
The impact of the test results on clinical decision-making was assessed by examining medical records for documentation regarding antimicrobial changes made after PCR results were available. This included any active optimization of antibiotic therapy such as de-escalation to a narrower-spectrum agent, the transition of patients from intravenous (IV) to oral antibiotics, changing to a different class of antimicrobials, or discontinuation of antimicrobial therapy altogether [45] .
Statistical Analysis
Categorical data were reported as percentages, and continuous data were reported as means ± standard deviations if normally distributed and medians with ranges if non-normally distributed. Odds ratios were calculated, and variables were compared across PCR result status using univariate logistic regression. Sensitivity, specificity, positive predictive value, and negative predictive value were calculated by comparing the broad-range PCR result with our composite final clinical diagnosis.
RESULTS
A total of 74 samples from 73 patients were sent for broadrange PCR testing during the study period. Three patients were excluded, 1 for whom no result was available and 2 who were lost to follow-up, leaving 71 samples from 70 patients in our final cohort (Figure 1 ). Individual sample details are available in the Supplementary Table. Thirty-nine patients (55%) were male, and the mean age was 57.8 ± 15.6 years. There were 13 patients who either did not have samples sent to microbiology at all or did not have sufficient tissue left in microbiology, and as such PCR testing was performed on formalin-fixed, paraffin-embedded (FFPE) tissue. There were 21 tissue samples with positive broad-range PCR results and 50 with negative results, 35 from orthopedic sites and 36 from nonorthopedic sites (Table 1) . Two samples were positive for more than 2 organisms. Thirteen bacteria, 3 mycobacteria, and 7 fungi were identified. Organisms were mostly unique, though some were identified more than once, including Propionibacterium acnes (n = 2), Mycobacterium tuberculosis (n = 2), and Aspergillus species (n = 2). Antibiotic use was common (42/71; 59%), with 37 patients actively receiving antibiotics at the time the specimens were obtained, for a median duration (interquartile range) of 15 (6-44) days. There was an array of agents, but they were typically broad spectrum. Four patients were receiving long-term antibiotics for at least several months. An additional 5 patients had received antibiotics within the 4 weeks before sampling.
In deciding presence or absence of clinical infection, there was complete agreement in 58% of cases, and the remainders were by majority opinion. Thirty-seven patients (52%) were thought to have likely infection according to our composite clinical gold standard diagnosis. Of these, 19 had positive PCR results (true positives), and 18 had negative PCR results (false negatives). Of the 34 without clinical infection, 2 patients had positive PCR results (false positives), and 32 patients had negative PCR results (true negatives). This correlated to a sensitivity of 51%, specificity of 94%, PPV of 91%, and NPV of 64% (Table 2) . Patients with false positives were also examined in more detail. One sample classified as false positive was Malassezia restricta, obtained from a computed tomography-guided biopsy of the spine and considered to represent a sample retrieval contaminant given the nature of the organism. The second false positive was an Aspergillus species from a routine myocardial biopsy of a heart transplant recipient. The patient was asymptomatic, but the sample was sent for PCR due to the presence of micro-abscesses seen on pathologic examination. After discussion with a fungal expert from the reference laboratory, it was considered an environmental or laboratory contaminant as the Aspergillus PCR was positive in only 1 out of the 2 runs, and the result was inconsistent with the clinical context.
Although the standard approach in our institution was to only send samples with negative cultures for broad-range PCR, on review 11 samples were actually culture positive. The growth in these cultures usually occurred after at least several days of incubation, by which time samples had already been sent for PCR testing. Of 19 patients with true-positive PCR results, 6 patients also had positive cultures; 4 of these were concordant with the PCR (2 M. tuberculosis isolates from a psoas abscess and spinal tissue, Streptococcus pneumoniae from hip tissue, and Pseudomonas aeruginosa from a tibial sample) and 2 were discordant (Cryptococcus neoformans from bronchoalveolar lavage and Rhizopus oryzae from sinus tissue, both identified by PCR but not cultures). The isolates identified in the 5 culture-positive, PCR-negative specimens included 1 Mycobacterium avium complex, 2 Propionibacterium acnes, 1 P. aeruginosa, and 1 coagulase-negative Staphylococcus.
A comparison of patient characteristics stratified by PCR results is shown in Table 3 . The only factors significantly associated with a positive PCR result were high PMN count and signs of inflammation on histopathologic examination. No significant differences were detected between PCR result and specimen site (orthopedic vs nonorthopedic) or nature of the specimen (fresh vs paraffin-embedded), macroscopic operative findings, or inflammatory markers. Antibiotic therapy was significantly more likely to be modified in patients with positive PCR results compared with those with negative results (52% vs 14%; OR, 6.44; P = .002). Details of the specific cases where the result clearly affected management are shown in Table 4 . In total, 18/71 patients (25%) had management alterations due to PCR results.
DISCUSSION
Obtaining an accurate microbiologic diagnosis is 1 of the key factors informing choice of antimicrobial therapy in patients with serious infections. Though it is costlier than culture-based methods, our findings suggest that broad-range PCR is a valuable addition to the diagnostic workup of patients with culture-negative infections. Although some studies have suggested that PCR is not superior to culture [21, 26] , in our cohort, use of the broad-range PCR assay led to identification of infecting pathogens in approximately half of the patients who were clinically suspected of having infection. Had the assay not been performed, it is possible that 1 patient would have been inappropriately untreated, 4 patients would have been overtreated based on suspected infection, and 11 patients would have been treated with a less effective or inappropriate antibiotic regimen. Given the serious consequences of untreated infections, the broad-range PCR assay was of considerable value in our patient population. It also demonstrated significant value from an antibiotic stewardship perspective, especially in PCR-positive cases, leading to de-escalation in 8 cases, change from intravenous to oral in 3 cases, starting appropriate therapy in 1 case, and stopping antibiotics in 4 cases.
This study is 1 of the first to examine the performance and clinical impact of broad-range PCR in real-world clinical practice, in a setting where most patients had negative cultures [10, 11, 28] . Previous studies have demonstrated the ability of broadrange PCR to identify organisms from heart valve tissue [11, [14] [15] [16] , joint tissue [12] , and other sterile sites, with sensitivity and specificity ranging from 43% to 96% and 72% to 95%, respectively. However, these studies typically compared PCR results with standard culture results as a gold standard. In this study, we reviewed each case in detail and used a "composite clinical diagnosis" as the gold standard rather than only culture results, allowing us to calculate a more realistic sensitivity and specificity than prior studies, which likely explains why our values were somewhat lower than what has been previously described. Our findings suggest that a positive result is more clinically impactful than a negative result and plays a bigger role in antimicrobial decision-making. In our cohort, the likelihood of obtaining a positive result was significantly higher in patients with signs of inflammation on microbiologic or histological examination. These findings are consistent with prior studies Changed to ceftriaxone for ease of administration, not due to suspicion of ampicillin resistance. c Aspergillus was thought to be a contaminant given the clinical picture; no treatment for Aspergillus was initiated, but fluconazole was added instead of micafungin for possible intra-abdominal candidasis. [17, 20, 46] . Factors such as these could be taken into consideration by ordering clinicians aiming to increase the diagnostic yield. Although there have been some studies that reviewed the effect of the PCR result on antibiotic management [27, 28, 47] , none of these assessed if there was any difference in antimicrobial management between patients testing PCR positive vs negative.
There are some important limitations that should be kept in mind when interpreting these results. Statistical power was limited by a relatively small sample size, and given the retrospective nature of the study, all available tests were not performed on all samples. Selection bias may influence interpretation of our results and generalizability, as many of our patients were complex with multiple comorbidities, prolonged hospitalization, and antimicrobial exposure. Although we attempted to approximate a true gold standard, incorporating all available clinical information, in some cases it was difficult to truly know if infection was present or absent. Despite the fact that this test was supposed to be performed only in culture-negative patients, there were 11 cases with positive cultures; although it may have been clinically justified to order the broad-range PCR despite this in some cases, it is important for clinicians to remember to wait sufficient time for initial cultures to be finalized in order to avoid performing PCR unnecessarily. Although antimicrobial changes were temporally associated with PCR results' availability, it is possible that other unmeasured factors influenced this decision-making. Finally, we were unable to assess other clinical outcomes beyond antibiotic selection.
In summary, our findings suggest that broad-range PCR is a clinically useful test that has an important role in the diagnostic evaluation of patients with culture-negative infections. Optimizing specimen selection by considering the full clinical scenario including microbiological and histopathological data can increase the likelihood of a positive result, which in our population had the biggest impact on antimicrobial decision-making. Infectious diseases physicians should carefully consider these advantages and limitations on an individualized basis before requesting this complex, difficult to interpret, and expensive test.
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